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HIGH-SPEED FLOW THROUGH POROUS MEDIA 
CHAPTER I
STATEMENT OF THE PROBLEM
The question of flow behavior of gases and liquids through porous 
media has always attracted a considerable amount of attention. Interest 
in such studies has been motivated by their many fields of application: 
soil physics, petroleum technology, surface measurement, gas separations 
and more recently flow of gases through porous propellants, and transpi­
ration cooling of porous wall reentry vehicles and rocket nozzles.
An engineer in designing or analyzing porous flow systems has 
to rely heavily on empirical data. For example, in determining the 
pressure gradient for high speed flow through a porous medium the usual 
empirical equation is composed of the sum of two terms. One term, which 
contains the velocity to the first power, is analogous to the Darcy ex­
pression for viscous flow through such material. The other term is a 
function of the square of the velocity and has been referred to as the 
"turbulent" or "inertia" term. Multiplying factors for both terms have 
had to be obtained empirically.
- grad->p = 0(yM/t'"+^ (1.1)
2where * Fluid pressure 
= Viscosity 
= Density
AJ^= Filter velocity (volume flow per unit area)
0( = Viscous resistance coefficient 
*» Inertial resistance coefficient 
In an attempt to arrive at a more logical understanding of flow 
in porous media a better model, than those currently available, is 
needed. The optimum model would be one that predicts all the flow 
properties and variables in a porous media, without resorting to experi­
mental testing. It is doubtful if this model will ever be discovered, 
however, this does not rule out the possibility of formulating models 
that successively approach this ideal or optimum model.
Review of Previous Work 
The use of models to predict flow behavior in porous media 
is not new. The large bulk of literature, however, has been generally 
restricted to low speed flow through porous media.
The simplest models that have been constructed are those that 
depict the porous media to be a bundle of capillary tubes. Scheidegger (1), 
Kawakami (2), Smith (3), Rainard (4), Henderson (5), Purcell (6), Burdine 
(7), and Calhoun (8) have discussed the capillary model. These men in­
vestigated the correlation of the permeability (reciprocal of the viscous 
resistance coefficient) with the average pore size or with the pore size 
distribution curve.
3By using the well known law of Hagen-Polseuille the capillary 
model will predict for the pressure gradient, (See (9)),
' " ' f  ■ (1.2)
where S. “ Porosity (ratio of void volume to total volume)
5  “ Average pore diameter 
By modifying the resulting equation with empirical tortuosity factors, 
they have had moderate success in predicting pressure gradients at low 
flow velocities. The objection to the capillary model is that the fluid 
is supposed to flow straight through the tubes without encountering any 
obstacles and without losing any momentum due to inertial effects.
Hence, the theoretical pressure gradient predicted by the capillary 
does not include the "velocity-squared" term that is detected experi­
mentally for high speed flows.
Attempts to explain the presence of the "velocity-square" term 
in Equation (1.1) have been based primarily on the turbulent flow 
analogy (for an excellent review of this subject see (9)). However, 
this analogy has produced no universal determination of the viscous or 
inertial resistance coefficients of Equation (1.1).
Scheidegger (9) argues that the emergence of the "velocity- 
square" term in Equation (1.1) is probably due not to the onset of 
turbulence, but rather to the emergence of inertia effects in laminar 
flow. So rather than call this a turbulent flow term, Scheidegger 
believes it should be called a non-linear laminar flow term.
4Purpose of This Work
The purpose of this work can be divided into three main divisions.
1) The primary objective is to investigate the general problem 
of gaseous pressure wave interaction. This investigation is broken up 
into an experimental study and a theoretical analysis of the conservation 
equations for unsteady flow. The pressure wave interaction investigated 
is the type consisting of the interaction of two planar pressure waves 
(initiated by the application of pressure step functions to opposite 
faces of a porous core) with each other.
2) The second objective is to develop a computer program that 
would simulate the steady flow of a gas through a porous medium taking 
in account temperature dependent flow geometry, variable viscosity, 
and viscous dissipation. The gas is considered to contain a certain 
concentration of reactant which undergoes a first order, irreversible 
catalytic reaction. The temperature dependence of the rate constant is 
included.
3) The third objective (which in reality must be investigated 
first) is to develop a mathematical model of porous flow that will 
improve upon existing models and enable one to calculate theoretical 
values of the viscous and inertial resistance coefficients for a given 
porous media.
CHAPTER II 
DEVELOPMENT OF CAPILLARY-ORIFICE MODEL
As mentioned in the previous section many models have been pro­
posed to describe the flow in porous media, but all fall short of com­
pletely describing flow phenomenon over the complete range from low to 
high velocities. The following analysis represents an attempt to 
partially fill this void.
In developing a new model for flow in porous media, it was 
felt the simplicity of the parallel capillary model in predicting 
viscous drag should be preserved, but somehow the inertia loss that 
the fluid must surely experience in winding through a porous media 
should be taken into account. The "capillary-orifice model" is then 
proposed with those thoughts in mind.
The "capillary-orifice model" is assumed to consist of a bundle 
of capillary tubes with orifice plates spaced along the tube a distance 
equal to the mean pore diameter apart. If the mean pore diameter is
-1
defined to be §  , then the number of orifices per unit length is ^  . 
No assumptions are made as to the exact diameter of the orifice except 
that it is much less than the mean pore diameter (See Figure 1).
0(î « a  ({g « « a ({g a « « (; (;
Figure 1. Capillary-Orlfice Model
7Ho— ntiai Balance
Figure 2 mho—  m mmctioa of m capillary tuba and tha external 
force* acting on tha control volu— . Tha die— ter of each tube im 
taken am ( £) and the — an flow velocity through each tuba im daaignatad 
am iU.) (thim will mo— ti— m be referred to am the local pore velocity).
The force* acting on the control volu—  ere premmure force*, akin friction
force*, drag force* (due to the orifice plate*), and body force*. Body 
force* act on the fluid ele— nt a* a whole and are umually due to fields 
much a* gravity, electric or — gnctic.
For the — ntum balance on the model ele— nt in Figure 2, the 
following as8uaq>tion* are — de.
1) Only one fluid i* passing through the medium.
2) The fluid is a Newtonian fluid with no slip flow at the
wall*.
3) Shrinking or swelling of the porous madlun Is neglected.
4) The porous medium is non-adsorbenh, hence there exists no 
absorbed phase.
5) The — an pore die— ter is much larger than the — an free 
path of the gas molecule (if the fluid is a gas).
6) The flow is one di— nsional.
7) The thickness of the orifice plates is — ch s— Her than 
the — an pore dia— ter.
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Figure 2. Capillary-Orlfice Tube Section
9The momentum theorem for a control volume states (10),
£ ? =  +  (2 1)
C.s, C.V.
where = Closed Integral over control surface
C.3.
rrr = integral through control volume
C.V.
a
^  = Partial derivative with respect to time
Z  F = Sum of forces acting on control volume 
V = Velocity of fluid (vector quantity)
Ç  = Density of fluid 
ctV = Differential volume 
d A  = Differential area 
For the small element in Figure 2 one can write Equation (2.1) 
for the X direction as
' I f f  A x l e s ’"-
where = Shear stress at wall
Cjj = Drag coefficient of orifice plate 
Fg = Body force per unit mass
Divide Equation (2.2) by
10
Equation (2.3) is then the general momentum equation for non­
steady flow through porous media. For steady flow and for a body force 
due to a gravity field only, Equation (2.3) becomes,
~ é f  " ^  ^  ~  ^ ^
where g = Local acceleration of gravity
^  = Angle between X direction and the direction in 
which gravity acts 
Tne shear stress 'Z' can be expressed as
where = Skin friction coefficient
Rg = Reynolds number based on mean pore diameter
Using the Dupuit-Forcheimer assumption (9),
= £ L L  (2.6)
where = Filter velocity (volume flow per unit area)
^  = Porosity (ratio of void volume to total volume)
It should be mentioned briefly that the "pore velocity" (u) is 
really the imaginary mean velocity in the capillary tubes of the capillary- 
orifice model. The true velocity of the fluid will fluctuate grossly in 
a porous media.
11
Substituting Equations (2.5) and (2.6) into Equation (2.4) 
there results
(2.7)
For flow parallel to the earth's surface 0 ^  is ninety degrees 
and the last term in Equation (2.7) vanishes. The term
C/LT c P / r
was examined for porous media having mean pore diameter on the order of 
ten microns and porosities of thirty per cent (typical values for the 
sintered metal cores uses in our experiments) and its value was found 
to be negligible compared with that of the other terms. For horizontal 
flow Equation (2.7) becomes now.
d K  ^  ^  (2.8)
If Equation (2.8) is compared with Equation (1.1), it is 
obvious that
0 ( —  ~ ~ F x c —  (2.9)
__ z  O f
and
Q
(210)
Here then are two equations with which one can predict the 
empirical coefficients 0( and Q> if something is known of the variation 
of C£ and Cp.
12
The expression for 0( is not entirely new (a similar expression 
was previously derived from the Hagen-Poiseuille Law for laminar flow 
in a capillary-tube model (9) ), however, the expression for (Equation 
2.10) seems to be unique. In the past there seemed to have been little 
effort to require a porous model to do more than predict values ofO( . 
This is understandable because the bulk of the research in porous fluid 
flow has been done in petroleum technology where the flow velocities 
are usually so low that inertia effects are negligible. A second reason 
for the scarcity of research being applied to the ^  term is because 
the complexity of porous fluid flow has discouraged work in this area 
and, because as yet, no one is really satisfied with the values of 
predicted by the various models. To the neophyte in the field it 
appears to be much easier to improve upon the existing theoretical 
values of (due to the different models) than to tackle the seemingly 
very difficult turbulent or non-linear flow term.
The success of the "capillary-orifice" model can be determined 
by comparing experimental and theoretical ’ .u»s of 0( and ^  (this is 
done in a later section) and by the following comparison of experimental 
and theoretical pressure drops.
Comparison Between Theory and Experiment for a Gas
Equation (2.8) can be put in the following form.
(2.11)
where Q  = ^/IT the mass flow/unit area
13
For a quasi-Ideal gas,
P =
\ £  R T  (2.12)
where = Compressibility factor 
I'/j “ Molecular weight 
Then if Equation (2.12) is substituted in Equation (2.11), 
there results,
-  M JC -p y  _  • 2 C f f ? e  , Co<3^
2 Î R T  ■ a X ~  - p ^  (2.13)
Integrating Equation (2.13) for from t o ^ ^  and X from 0 to L, 
and replacing Reynolds number by its equivalent, there results 
(for isothermal flow,)
(2.14)
where
f  =  [C-f M  s  ^ T ]
From Equation (2.14) it is seen that the problem of pre­
dicting pressure drops in porous media reduces to one of determining 
skin friction coefficients and drag coefficients. For most engineers 
this puts the problem onto a more familiar plane.
For a very rough approximation laminar flow is assumed to exist 
below a Reynolds number of 2000 and turbulent flow above that number. 
For a first order approximation on the skin friction one can assume
14
that the skin friction coefficient in the capillary for laminar flow is 
given by the Hagen-Poiseuille Law,
C f  =  / Ù > / R e .  (2 I*)
For the turbulent regime the skin friction is assumed to be 
given by the Von Karman-Nikuradse formula.
=  ¥ : 0  -  0 , 4 - (2.17)
Either Equation (2.16) or (2.7) was used when Equation (2.14) was 
plotted in Figure 3.
One can determine the drag coefficient for the orifice plate by 
using available data on orifice coefficients (see for example (11) or 
(18)). From Equation (2.7) the pressure drop for one orifice place can 
be written as
- f  =
since there is one orifice every S  units of length. The orifice equation 
may be written as (12),
.  c   t
where,
Co = orifice coefficient 
AP' = pressure drop at vena contracta 
h = orifice diameter 
The fluid velocity is increased at the orifice opening and vena 
contracta and hence there exists the pressure drop ^  P'. But as the 
fluid issues from the opening and starts to slow down not all of this
15
^ P r e s e n t RaportKX> X VY«3ar ^  Gr*«nb«r5^ 1723_, [)f3j 
O M ach , f /y j  
0 B ar: DSJ
^]U chida  i  F iy / t *  US3
ConsolidAtzd
MzdLla.
U n c o n so l id a te d
Media
XX
y . £ c , + i : c , ^ „
Thaorztic»! P
FIGURE 3
orîf#c-
Comp^ riJcw of Expzrimani^/ j
Raynold N o .^ ^U S y ^ / /
16
pressure is recovered. The permanent pressure loss Is a function of the 
ratio of the orifice and tube diameters. Let the permanent pressure loss 
be expressed as
r p  (2.20)
combining Equations (2.18), (2.19) and (2.20) there results,
(2.21)
This then shows the relation between the drag coefficient of an orifice 
and the orifice coefficient.
Equation (2.14) is plotted in Figure 3 along with experimental 
data. Equations (2.16) or (2.17) are used for Cf and data from (11) and 
(12) is used in Equation (2.21) for Cg assuming h/$  = 0.75. As a first 
approximation for Cp one might use the Cjj of a freely falling flat disk. 
Equation (2.14) using values of disk Cg taken from (11) is also plotted 
for comparison with the capillary-orifice theory.
The semi-empirical equation (for example see (18)) for flow 
through packed beds is
~ É f  - ^  (2 22)
^  à p  ^  a p
where Û p = Mean particle diameter
This can be combined with the equation relating mean pore diameter
to mean particle diameter
_  (A s~)CS)(/— £ )
C  (2.23)
-
to give
(2.24)
17
Equation (2.24) can be integrated assuming an isothermal expansion 
(see similar Equations (2.11) to (2.15) to give
^  - h /./é>S“ (2.25)
This is plotted in Figure 3 as labeled the semi-empirical equation.
From Figure 3 it is seen that the capillary-orifice theory com­
pares well with experimental data, even though considerable scatter of 
the data does exist. This scatter of the data is believed to be largely 
due to the way in which the mean pore diameter is defined and measured.
The concept of expressing the varying shapes of flow passages by means 
of a fictitious tube of mean diameter<5 is crude to say the least.
Methods, such as mercury intrusion, can enable one to determine the 
distribution of pore diameters in porous media. Any improvement in the 
present theory might well come from using this concept of pore size dis­
tribution.
The capillary-orifice model does, however, indicate the trend 
that the experimental points follow, and a large percentage of the 
experimental data does fall very close to the theory line.
In the past the region beyond Reynolds of 10 has been spoken of 
as being the turbulent region, since some experimenters had envisioned 
the pressure drop in this regime as being primarily due to turbulent 
motion of the fluid (see for example (17)). However, the present 
analysis does not employ the concept of turbulent motion until a Reynolds 
number of 2000 is reached and yet the theory matches experiment fairly 
well. It is the author's opinion that the labeling of the region beyond 
Reynolds number of 10 as the turbulent region is then a misnomer. It 
might well be labeled better as the drag regime, since the particle drag 
coefficients are so predominant in this region.
CHAPTER III 
HEAT TRANSFER WITH A REACTING GAS
The use of porous sintered metallic compacts as catalytic 
chemical reactors is assuming an ever-increasing importance in modern 
technology. For instance, the hydrocarbon converters being developed 
for internal combustion engine exhaust make use of porous metals.
Anothei example would be in the important field of aerodynamic cool­
ing. Catalyst-coated porous walls in which an endothermie reaction is 
carried out are extremely effective heat sinks for the large thermal 
fluxes which are generated on nose cones, inside rocket chambers, etc.
One of the main problems encountered in the use of these 
materials is that their flow geometry is marked function of temperature 
that is, for a given pressure drop, the flow rate depends on the tempera­
ture conditions in the compact. This effect was reported in a recent 
paper (12), where some hypotheses were also presented which may explain 
the causes of this phenomenon.
This chapter presents the equations which are used for the cal­
culation of flow rate, conversions, and temperatures as a function of 
reactor length, porous metal properties, rate constant, and heat of 
reaction. Some results were calculated by the Oklahoma University 
IBM 650 Computer for a typical porous metal. These results demonstrate
18
19
the large variation in flow rates and temperature gradients which may be 
expected for flow reactions taking place in these types of materials.
Analysis
The following assumptions are made for the energy balance analysis 
for a reacting fluid through a porous medium.
1) Gas temperature is equal to body temperature
2) Viscous resistance coefficient is temperature dependent
(2 (3.1)
3) Viscosity is temperature dependent
(3.2)
4) Viscous dissipation is present. (See Appendix A.)
(3.3)
5) Conservation of mass, momentum and energy is based on 
the "capillary-orifice model."
6) Gas is inert containing a reactant which is undergoing a 
first order irreversible catalytic reaction of the type
M — ►  N (3.4)
where the reaction rate
r  - kC« (3.5)
and k the reaction rate constant are temperature dependent.
-  Eo./i?r
^  (3.6)
20
where " Concentration of reactant A
A = Constant
E = Activation energy
a
R = Gas constant
T *» Gas temperature (absolute)
7) Flow is steady.
Assun^tion number one is not at all obvious when one first glances 
at the problem. In fact when this portion of the analysis was initiated 
it was assumed that the gas temperature was different than the body 
temperature. A conq)uter program was written and a solution was attempted 
using the University of Oklahoma IBM 650 Digital Computer. The program 
was found to produce instability. The problem was found to be in the 
energy equation of the solid.
“ i i r r r e  ) (3.7)
where h = Heat transfer coefficient
S = Specific area
= Effective thermal conductivity of solid 
£  = Porosity
t = Body temperature
T = Gas temperature
hS
The constant multiplying factor n " " for flow through
^ 8  ■ C )
metallic porous media has an order of magnitude of 10^. Hence a com-
_2
puter error of only 10 in the temperature difference would make the
21
second derivative of temperature in error by 10^. This would in turn
increase the temperature difference, etc. Experimentally the second
derivative has been shown to be of order of magnitude less than 10^.
Therefore from Equation (3.1) it is obvious that the difference between
-4tgas and body temperature must be of the order of 10 ! This is a very
small difference and hence the reason for assumption number one.
Alt (20) expressed the paradox of instability quite well when 
he wrote "Quite frequently, instability is introduced by improvident 
attempts to improve the accuracy or eloquence of a method."
The following conservation equations are used to solve for 
the mass flow, pressure and temperature distribution for one-dimensional 
flow through a porous core. (See Figure 4.)
Conservation of Reactant Mass
w. it =  - A c * (3.8)
conservation of Total Mass
—  Constant (3.9)
Conservation of Momentum
—  (3.10)
Conservation of Energy of Gas 
^  ~  ^ ^  -f ^  (3.11)
\ \ \ \ \, \ \ \
Inlet
Conditions
• * 
• #
• *
• t
' /
4
r 1
* r
#
*
4
f
/r
Outlet
Conditions
* * 
» t
i
i
0
i
1 1
#
9
»
. • r
t 1
r
t
/
/
r
s \ \ \ \ \ \ \ \
roto
Figure 4. Porous Core
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Conservation of Energy of Solid
where H = Heat of reaction
■ Gas Thermal conductivity 
/^s - Effective solid thermal conductivity
These equations can be solved for fixed values of the inlet 
pressure and temperature, fixed core length and fixed outlet pressure. 
Equations (3.8) through (3.11) were solved by use of the Runge Kutta 
Numerical Method on the IBM 650 Computer. (See Appendix B for program 
details.)
The following terms were held constant for all runs.
€  = Porosity « .3
Pfinal “ 1 Atmosphere
^initial ” 530°F
L * Core length «■ 1/4 ft.
M = Molecular weight of gas = 30 Ibm/mole
- Viscosity = 4X10  ^ ) *^^ f sec/ft^
0 ( . ft-2
l.TXlo' ft'l
The following terms were variable input constants.
P initial: 2, 10, 100, 1000 atmospheres 
P partial initial: 0.01, 0.05, 0.1 atmospheres 
H : -45000, 0, +45000 Btu/lbMole
24
A : 4.8X10^^, 4.8X10^^ sec"^ 
Ea : 17000, 34,000 cal/Mole
Figures 5 through 22 graphically present the results of this 
computer analysis.
Discussion of Results
The computer analysis demonstrates the significant degree to 
which the flow rate of a reacting gas in a porous metallic element is 
affected by the rate and heat of reaction. As can be seen from 
Figure 5 the flow rate will decrease more rapidly for a rise in heat of 
reaction (hence rise in temperature) than it will decrease due to a cor­
responding decrease in heat of reaction. The decrease in flow rate 
will, in turn, lead to a longer residence time causing yet larger con­
versions and temperature increases. This is the reason for the lower 
flow rates and higher exit temperatures (See Figure 8 or Figure 20) for 
the exothermic reactions at a given rate constant.
Corroborating this conclusion are Figures 6 and 7 which show that 
for an endothermie reaction, any effects which tend to decrease the 
temperature (such as increased reaction rate constant, increased amount 
of reactant or decreased activation energy) tend to increase the mass 
flow rate.
It is evident also from Figures 5 through 7 that the mass flow 
seems to be practically independent of reaction rate constants, heats 
of reactions, activation energy and initial partial pressure when the 
initial pressure is much greater than 10 atmospheres. The reason for
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this is the high initial pressures produce very fast flow rates and 
hence very short residence times causing very little temperature change. 
(See Figure 11.) For high initial pressures one might treat the tempera­
ture as a constant. The conservation of momentum equation (Equation
(3.10)) can be put in the following form,
(3.13)
Equation (3.13) can be integrated from point (1) to (2) over a 
length L assuming temperature is constant.
- = Z ^  T-yt 5 T (3 14)
This is a quadratic in G and hence
G = -A + M + 4B (3.15)
2
where
A = (3.16)
B = (3.17)
For the present example if one works with initial pressures 
above 10 atmospheres then B »  A
and (3.18)
or
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Equation (3.18) was used to calculate the mass flow for the 
following cases and compared with the IBM 650 data
P (Atm) 1000 100 10
G (Eq. 3.18), V—  24.96 2.496 0.2496
ft sec
G (IBM 650) 24.83 2.404 0.175
ft^ sec
It might be noted that a mass flow of 24.96 (Ibm)(ft -sec) 
corresponds to a local exit pore velocity of
This is almost equal to the speed of sound at T = 530°R.
Hence for the porous core in this example, = 1000 Atm represents 
the approximate upper limit beyond which Mach number effects have to 
be taken into account.
If X were substituted for L in Equation (3.14) then for 
isothermal flow the pressure squared profile through a porous core 
would be a straight line. This is borne out by Figures 12 through 
15 where it is seen that profiles which approach a straight line are 
nearly isothermal. (Check Figures 8 through 11.)
Figure 8 indicates that the flow is exactly isothermal for a 
zero heat of reaction. This is evident when one combines Equation (3.3),
(3.11) and (3.12).
(3.19)
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This is the usual assumption one makes in the "throttling" or "porous 
plug" process. However, from Equation (3.19) it is evident that the 
reason the flow is isothermal in the "porous plug" experiment is 
because the temperature increase due to viscous dissipation just bal­
ances out the temperature drop due to expansion of the gas. This 
analysis of course presupposes an ideal gas with zero Joule-Thompson 
effect.
Figure 16 shows the only run where essentially all of the 
reactant was used up. This occurred at an initial pressure of 2 Atm 
with a heat of reaction of 45000 Btu/lbMole.
Figure 21 shows a rather odd limiting effect of high initial 
total pressures on final partial pressure of reactant. There seems to 
be an upper bound above which the partial pressure will never exceed. 
This limiting partial pressure can be shown to be an explicit function 
of the properties of the porous media, temperature and reaction rate 
constant k.
Since it has been shown that at very high initial pressures the 
flow is essentially isothermal, then assume the temperature and reaction 
rate k are constant. Using the perfect gas law
(3.20)
and multiplying Equation (3.8) by density and carrying out the 
indicated differentiation
d K  T  ^  S - T G  (3.21)
M
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Dividing by and integrating
r* i T 2However p » I J  and p varies linearly at high flow rates
~  ^  “  %  C f (3.23)
Therefore
- f , - f /
(3.24)
But -^ 1 
Therefore
j  ^ J x  =  %  (3.25)
Now substitute Equation (3.18a) and (3.25) into Equation (3.22) 
and take the antilog of the equation.
As a check Equation (3.26) was conq>ared with IBM 650 data
P., Atm 0.05 0.01A1
(Eq. (3.26)) 0.04733 0.009467
P, (IBM 650) 0.0473 0.0094665
^1
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Conelurlcns
Any variables which tends to increase the gas teupcratere as 
it JI0V.S through the porous meditnp, tends to decrease the uiass flow and 
vict.-versa. For inlet to exit pressure ratios greater than ten, the mass 
f .ou ;;os. n. arl ’ indepen '-nt of ronction *ffo'. Cs and was proportional to 
the inlet pressure. Per tiiis same region tno flow was nearly ir.othermal 
an.; scnare of the pressure varies linearly with distance.
CHAPTER IV 
STEADY FLOW EXPERIMENTS
In order to verify some of the conclusions of the caplllary-orlflce 
model and because values of Ck and were needed for the unsteady flow 
analysis, measurements were made on steady flow of nitrogen gas through two 
different porous cores. The experimental equipment and procedures are 
almoat exactly that of Weger and Greenberg (12), and hence only a brief 
description of them will be given here.
Experimental Apparatus
The experimental apparatus consisted primarily of a hydraulic 
system, a gas reservoir and controlling and measuring devices. Figure 23 
is a flow diagram of the equipment.
The hydraulic system was designed to maintain a constant source 
of high pressure gas. For very high pressures (and hence high flow rates) 
a dual feed Hills-McCanna type K2M-2F positive displacement pump regulates 
the hydraulic fluid output. This pump has a continuously varying stroke 
which can regulate the hydraulic fluid output up to a maximum of 4.9 gallons 
per hour for each feed, at 2500 p.s.i. The hydraulic system can function 
continuously supplying oil to the gas reservoir at a rate slightly above 
the gas withdrawal rate. The excess oil was bypassed back to the storage 
tank, thereby insuring positive control with damped pressure surges.
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The excess hydraulic fluid was metered back to the oil 
storage tank by an Amlnco (American Instrument Company) solenoid 
pneumatic piston type control value. The solenoid was controlled 
by a Bristol pressure-sensitive electric contact gauge.
The high pressure gas reservoir was a 38 gallon seamless 
steel tank with dished heads fabricated for 2500 p.s.l. working 
pressure In accordance with the ASME unflred boiler code standards, 
by the Maryland Tank Company. The tank was set In a concrete base 
and had a bottom connection for hydraulic oil and three top 
connections; a gas Inlet, gas outlet, and a safety pop value set 
for 2500 p.s.l.
The gas flow system was controlled by a "Gas-0-Dome" gas- 
loaded diaphragm value manufactured by the Victor Company. This 
Instrument consisted of a variable orifice operated by a diaphragm 
sensitive to the pressure differential between the upstream and 
downstream gas. The orifice metered gas at such a rate as to 
maintain a constant predetermined downstream pressure up to 1000 
p.s.l. For downstream pressures above 1000 p.s.l. the "Gas-0- 
Dome" value could be by passed and the pressure can be controlled 
by the Bristol pressure-sensitive electric contact gauge.
The porous sample Imbedded In a steel sleeve Is held In a 
holder called a permeometer. A high pressure seal was obtained 
by using teflon tape on the % Inch bearing surfaces and drawing 
the opposite faces of the permeometer together against the ends 
of the sample with four 5/8 Inch bronze marine bolts.
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A Helse Bourdon Tube pressure gauge measured Che upstream 
pressure. This gauge had a 16 inch diameter face calibrated in 1 
p.s.i. intervals between 0 and 1000 p.s.i. The downstream pressure 
was measured by a Merriam Gauge Mercury Manometer.
A "Vo1-0-Flow" dual element orifice meter manufactured by 
the National Instrument Company was used to measure the volume 
rate of gas flow. The range of the instrument is from 0 100 cubic 
feet per hour. Accuracy obtained with this meter was better than
0.5% of the full scale reading.
A Leeds and Northrup potentiometer was used to obtain the 
temperature from two iron Constantin thermocouples placed three 
inches upstream and downstream from the ends of the porous sample. 
The accuracy of this system was slightly better than three degree 
Fahrenheit.
The high pressure equipment was housed behind a safety 
barricade consisting of quarter-inch steel plate with a three inch 
wood backing. The barricade also served as a control panel, with 
all values, measuring instruments, and controls mounted in the 
shield. The high pressure lines consisted of nominal % inch 
stainlesL steel tubing and fittings manufactured by Autoclave 
Engineers Inc. The high pressure gas reservoir was fed from a 
four cylinder gas manifold. Humble Oil and Refining Company type 
Terrestic 43 hydraulic oil was used as the pumping medium. Oil 
pump bottled nitrogen gas was used as the working gas.
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Porous Media
Two porous wintered metal cores Imbedded In steel sleeves 
(sue Figure 24) were selected tor this investigation. The porous 
cores were obtained from Pitman-Dunn Laboratories of Frankford 
Arsenal. The powders used consisted of spherical tincoated copper 
particles. Thu particle size range of the powder was -250+325 U.S. 
Mesh for ciiu core and -100+150 for the other.
TABLE I
PHYSICAL PROPERTIES OF POROUS CORES
Care Particle Size Mean Pore Porosity (22°C)
Range (Microus) Diameter From From
(Microns) Density Pore Size
Measurements Measurements
FC-iOCH-130 74-104 2o.O 0.486 0.424
FC-250+325 »3-bl 15.5 0.467 0.356
The ii-res were fabricated oy sintering the powders in steel 
sicûves. Ti... sleeves (IV o.d. X 3/4" l.d. X 6" long) were tapped 
at four positions along tneir wall prior to sintering process to 
provide positions for pressure transducers to be installed later.
Thu cuds .)f tne sleeves were threaded and fitted with 0-Ring grooves 
ta facilitate fitting them into the permeometer assembly.
The pressure gauge taps were closed prior to sintering by 
means of inserted bolts. After closing off one end with a carbon 
disk the Ficeves were filled with the graded powder and hand
23
32
g \
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Porous Cor^
0 - ring
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Figure 24 Porous Core Assembly
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tamped with minimum of vibration to Insure close packing without 
longitudinal classification of the particles. The samples were 
sintered for one hour In a dissociated ammonia atmosphere at °1650F 
In a vertical position.
The physical properties given In Table I were taken from 
Weger and Greenberg (13).
Experimental Procedure 
The planned procedure was that prior to each series of runs 
the high pressure reservoir would be drained of oil and charged 
with gas, directly from commercial cylinders, to a pressure of 
about 1300 p.s.l. The pump would then be turned on, Bristol 
Controller set to the desired pressure and the run would proceed.
It was discovered on both porous cores, however, that pressures 
above 1300 p.s.l. produced flow rates above the operating limits 
of the "Vol-0-Flow" flowmeter. Hence It was then necessary to 
by-pass the hydraulic control system and use only the "Gas-0-Dome" 
diaphragm value (which can regulate pressures from 0-1000 p.s.l.) 
to control the gas flowing from the gas manifold through high 
pressure tank to the permeometer.
The "Gas-0-Dome" diaphragm value was then used on all runs 
to set the pressure upstream of the porous core. Appropriate 
pressure, temperature, and flow rate measurements were recorded for 
each run. Runs were usually started out at low pressures and then 
the pressure was Increased by Increments until a maximum flow reading
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was obtained on the flowmeter. After the maximum point was reached 
several runs were made at lower flow rates.
Experimental Results
The experimental results obtained for the two porous samples 
investigated are presented in Figures 3, 25, and 26. In Figure 3 
the experimental data is compared with the "capillary-orifice" 
theory along with other experimental data. The experimental data 
compares well with the theory line as it falls slightly below the 
line.
The resistance coefficients for each core can be determined 
according to a scheme suggested by Cornell and Katz (21).
If Equations (2.9) and (2.10) were substituted into Equation 
(2.13) there will result.
(4.1)
For isothermal steady flow this may be integrated to give
-  c X  +  Ç  (4.2)
As seen from Equation (2.9) and (2.10)^ and ^  depend upon 
the skin friction and drag coefficient respectively and hence may 
vary with the Reynolds Number. However, over a small range of 
Reynolds Number they may perhaps not vary too widely and it might 
be possible to treat and ^  as constants in Equations (4.2).
With this assumption Equation (4.2) represents a linear relationship 
between and — ^ —  whose intercept gives OC and whose
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slope yields (3 .
The data for each core sample have been plotted according 
to Equation (4.2) and are presented as "Cornell and Katz Plots" 
in Figures 25 and 26. The experimental data for 0( and 
obtained from the Cornell and Katz Plots are compared with the 
"capillary-orifice" theory (Equations (2.9) and (2.10) in Table II.
TABLE 2
EXPERIMENTAL AMD THEORETICAL VALUES OF 0( AND ^
Core
o ( u . (^Erp.
FC-100+150 
FC-250+325
5.7X10®
32.5X10*
9.5X10*
33.6X10*
6.33X10^
1.76X105
12.8X10^
2.32X10
Conclusions
As seen from Table 2 and from Figure 3 the "Capillary-Orifice" 
theory shows surprisingly good agreement with experimental data when 
the complexity of the flow situation in a porous medium is considered.
From the temperature data in Appendix C it is seen that the 
flow was isothermal through the porous core. This was predicted by 
the heat transfer analysis in Chapter IV. However, an unnoticed 
temperature change up to three degrees could have occurred due to the 
inaccuracies of the system.
It is possible that further refinements of the "Capillary- 
Orifice Model" can come from, (1) using pore size distributions
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Figure 25
60SOZO 3 0
Ln
Determination ofo| and for the 
FC-250+325 Core4Z
Figure 26
3 8
X
( X =  3 2 ,S -fi'^
(3 = A/é X/O'^ ft'^
3 0
Zû>
Ui
00
59
in place of mean pore diameters (2) using a more realistic skin 
friction coefficient than one developed for fully developed 
laminar pipe flow, (3) using a drag coefficient more compatible 
with the "Capillary-Orifice Model."
CHAPTER V 
UNSTEADY FLOW EXPERIMENTS
One of the primary goals of this work was to correlate, 
insofar as possible, experimental information on the behavior of 
gas pressure waves in consolidated porous media with results 
obtained on the solution of equations which represent a mathe­
matical model of the porous medium.
Experimental Apparatus
The experimental apparatus consisted primarily of a 
diaphragm rupturing system, a gas reservoir and a pressure-time 
measuring system. Figure 27 is a flow diagram of the equipment.
The gas reservoirs consisted of two 0.915 gallon commercial 
steel gas bottles. The diaphragm rupturing mechanism consisted of 
two separate brass tubes around which many turns of wire have been 
wrapped to serve as a coil (see Figure 28). A steel slotted spike 
is placed in the far end of the tube. When the coil is connected 
to a 220 V.A.C. supply the steel spike is drawn into the coil, 
overshoots and breaks a brass diaphragm. The brass diaphragms 
were 1.4 inches in diameter and their thickness varied from 12 to 
24 thousands of an inch. The thicker diaphragms were used on high
pressure runs in order to maintain some margin of safety.
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In the steel housing surrounding the porous core were four 
SIM PZ-6S miniature pressure pickups manufactured by Kistler Instru­
ment Company of N . Tonawanda N.Y. The signals from the transducers 
were fed to two PT-6 rack mounted two-channel amplifier-calibrators. 
The signals from the amplifiers were fed into a Honeywell Model 906C 
Visicorder oscillograph. This oscillograph is of the light beam 
photographic type which could write at speeds over 10,000 inches per 
second and its paper feed could be varied from 0.4 to 50 inches per 
second. A time line system is enq>loyed to provide accurately spaced 
lines across the width of the paper. Intervals of 0.01, 0.1 and 1.0 
seconds can be selected. The records require only about 30 seconds 
of exposure to ordinary light before the traces were visible.
Before and after the experimental runs were made the pressure 
transducers were calibrated. This was done by charging the porous 
core with series of known pressures (read on the Heise pressure gage) 
and recording the response of each transducer on the oscillograph.
The porous core used in these runs was the FC-100+150 core. 
Experimental values of (X and (3 are reported for this core in 
Chapter IV.
Experimental Procedure
The planned procedure was that prior to each run the diaphragm 
rupturers would be removed and two brass disks (one at each end of the 
porous core) would be inserted. The steel spikes would be set in the 
far end of the brass tube and the diaphragm rupturers would be set
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back into the system. Each gas reservoir would then be charged to 
specified pressure. This pressure would exist right up to each 
diaphragm. Each coil would then be triggered simultaneously by 220 
V.A.C. current. This would then accelerate the steel spikes into 
the diaphragms, bursting then and causing near step functions of 
pressure to be introduced simultaneously into opposite ends of the 
porous core.
Just prior to the triggering, the oscillograph would be set 
in motion (feeding 50 inches per second). This provided a clear 
and easily readable pressure time history of each transducer. It 
took approximately 20 minutes to set up each run.
Early in the test program a pressure transducer and its 
associated galvonometer (in the Visicorder) became inoperative. 
Neither time nor money permitted their replacement hence the bulk 
of the experimental runs were made with only three transducers.
Experimental Results
The experimental results obtained for the FC-100+150 core 
are presented in Figures 29 through 39, Runs 1, 5, 6, and 7 are 
not presented because they were aborted for various technical 
reasons.
Figure 29 is of interest in that it shows the pressure 
pulse on one end was triggered approximately 0.01 seconds later than 
the other pressure pulse on the opposite end of the core. This was 
due to a mismatching in the impedance of the two diaphragm rupturing 
coils. This was corrected after this run and the resulting time
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differences between the two breaking diaphragms appeared to be less 
than 0.001 of a second.
Comparison of this data with theory will take place in the 
next chapter.
CHAPTER VI 
ANALYSIS OF UNSTEADY FLOW
One objective of the project was the solution of the isothermal 
unsteady flow equations by numerical methods in order to compare the 
calculated results with the experimental work. This analysis is pre­
sented below.
Conservation of Mass
5>fg^)  -  -  i f
Ô  X  a t
Conservation of Momentum
(6.1)
- g  - t V  W ' (6.2)
Using the experimental data of Chapter V in an order of 
magnitude analysis, it was found that the last two terms on the right 
side of Equation (6.2) were much smaller than the other terms. Hence, 
these two terms will be omitted in the following analysis.
Equation of State
- f  =  &  €  r  (6.3)
I a ;
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Substituting (6.3) into (6.1) and (6.2) there results.
(6.4)
(6.5)
where
3
o_
- f U .
Oiyit e
R/m T
At this point it is convenient to make Equations (6.4) and
(6.5) dimensionless by making the following substitutions.
p  =
where superscript star refers to some reference value. 
Therefore,
a Pd gax' -h 9 T
P  ^  ^  ^  ^
r 6)X' ~
=  0
-f b
The initial and boundary conditions are as follows:
1. X = 0, T >  0
2. X' = 1, T »  0
3. 0 < X < 1 ,  T = 0
P (0,T) 
P (1,T) 
P (X',0)
Fixed
Fixed
Fixed
(6.6)
(6.7)
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These boundary conditions then describe the physical problem of 
simultaneously rupturing two diaphragms on opposite ends of a porous 
core.
Equations (6.6) and (6.7) are a nonlinear set of parabolic 
partial differential equations (20). Obviously they can only be solved 
by numerical methods. Hence, it was decided to use a finite-difference 
scheme.
It is possible to set up Equations (6.6) and (6.7) using either 
forward, central or backward differences or any combination thereof for 
each of the three derivatives. However, it was found by trial and 
error process that some of the combinations are not suitable in that 
they will not allow a solution to be stepped out along the grid with 
the given boundary conditions.
Limited success was obtained with the following combination 
called Method No. 1. (The primes have been dropped from the 
dimensionless distance variable.)
££. %  - P  T_)--- Central Diff. (6.8)
<9X
~ Central Diff. (6.9)
^  ^X/7~^----  Forward Diff. (6.10)
Substitute Equation: (6.9) and (6.10) into (6.6) and rearrange
PCA.T+.ir; = Z(^ T/^ ,x)[z(^ jT)-B-CXf^ ,T)] (‘11)
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Substitute Equation (6.8) Into (6.7) ^
P C x ,r ) [P cx t .3 x ,T )-  PCX-M,T)] =  ECx,t )
Solving for ^  (X,T) from Equation (6.12)
« c x , r ;  z t z . f »  ^  L y 4 A X / . 3 j L  
-f- S xix P C X ,r)[patM ,r} -  Pcx-M,T^JJ *” (6.13)
Substitute Equation (6.13) Into (6.11)
Pcx,rf^.Tj) = pcx,T-x3r;+[d +e p o (,t) I p c x -c k ,t)
r . - i T n .  , (6.14)
where
- PCxtAX,T;J] -jj>t£ PCXw,t){PCx,rj-P(5(+j-x,r;j]
" " ( k l %
 ^' ■ ( î ï ^ î / i  ) (S It)
Equation (6.14) was programed for the Oklahoma University Medical 
School IBM 1401 digital computer (see Appendix E for the computer program).
In order to compare Equation (6.14) with experimental data, the 
Inputs on the computer program were made to match the boundary conditions 
of Experimental Run # 4 (see Figure 31).
It Is seen from Figure 40 that the ccxnputed (Method No. 1) pressure 
gradients are. In general, much greater than the experimental ones.
This Is due probably to the fact that the computer data, (but not the 
experimental data) Is the pressure response to a step pressure Input at 
X/L = 0. Because the gas storage reservoir Is not Infinite and because
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It takes a finite amount of time to break the diaphragm, the actual 
pressure profile input at X/L *■ 0 will not be a step input, but rather 
a rounded off approximation.
It is also noticed in Figure 40 that each computer curve becomes 
unstable after a certain period of time depending on the Z/L value. A 
large amount of time was spent in trying to eliminate this stability 
problem, which is inherent in almost all finite difference solutions of 
differential equations.
The choice of the grid size has a very large effect
on the time at which the instability starts. The grid size = .1, 
A T "  1, t* “ 0.0004 sec.) chosen for the data plotted in Figure 40 
represents the best size found in this respect. Below is a table which 
shows the time the pressure starts to oscillate for various grid sizes.
TABIf 3
STABIZ CCMPDTING TIME AT X/L » 0.1
GRID SIZE STABIE cmpirriNG t i m e
A x ' A T t*(sec.)
(SEC)
.05 .05 .002 0.0017
.05 .1 .002 0.002
.025 .05 .002 0.0011
.1 1 .0004 0.005
It is possible that further experimenting with grid sizes will 
give stable computing times greater than 0.003 sec at X/L " 0.1.
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When Method No. I was applied to the case where two diaphragms 
are burst simultaneously It did not work at the end where X/L = 1 .  An 
Investigation revealed that this was due to the presence of the forward 
difference term. Equation (6.11). However, If the forward difference 
Is replaced by a backward difference term the resulting equation 
(similar to 6.14) will function at the X/L = 1 end, but will not function 
at the X/L = 0 end. The only choice left was to replace the forward 
difference equation (Equation (6.10)) by the following central difference 
equation
^  C X f  AX / T )  CX/T) (6 17)
Method No. 2 consists then of using Equation (6.17) In place 
of (6.10). Following a procedure similar to that leading to Equation 
(6.14) there will result,
PCX,T+/^r)= ?UjT-^T)-h [ d '+  E'FCX-^AyT)[FCX‘J^,r^
K  V
-PCXjT)}] -[D 'i-E 'P (X *X iX jT )[F C K r) -  P(Xf£XiJ(yT)]l *■
(6.18)
where
D ■ 1/4 D (6.19)
e ' » 1/4 E (6.20)
Method No. 2 was the only method found that worked at both ends
of the porous core (or X-grld). However, when Equation (6.18) was pro­
gramed (see Appendix E for the computer program) and run on the IBM 1401 
a very undesirable characteristic was noticed. Each successive solution 
point oscillates and the amplitude of these oscillations Increases with 
time. Figure 41 Is a comparison of Method No. 2 with Experimental Run
600
Computer (Method No. 2)
Experimental
400
Darison Between Method No. 2
and Experimental Run No. 4
Figure 41
200-
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No. 4 (see Figure 31). The experimental data does seem to fall 
approximately in the middle of the computer points, however past .005 
seconds the amplitude of the oscillations are so large it would be 
hard to predict the pressure line accurately.
While there was not time to further investigate this problem 
during the period covered by the present report, the work is being 
continued at Washington University under the one year extension of the 
project which was recently granted.
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APPENDIX A
DETERMINAIION OF VISCOUS DISSIPAHW 
BY CAPILLARY-ORIFICE MODEL
During the flow of all real fluids heat is generated internally 
due to the work done by the shear stresses in distorting the fluid.
This irreversible generation of heat per unit volume is called the viscous 
dissipation $  • In a Cartesian coordinate system the expression 
for §  is (19),
(A.l)
This is a very formidable looking equation indeed, but for­
tunately for the usual state of affairs with heat transfer at low 
velocities of the order of sonic velocity it should not be omitted. 
For flows through porous media the viscous forces are very large, 
hence one would expect the viscous dissipation to be very large also.
Rather than attenqit to solve Equation (A. 1) for ^  , another
line of attack is proposed. Consider the case of steady flow of a
88
89
real fluid through a tube or any system with fixed b undaries. The 
differential equation for mechanical energy is (See page 34 of (19))
(A 2)
where d  Of- Friction heat
g  - Vertical coordinate
9- Acceleration of gravity
f - Pressure
Density
(À. “ Mean velocity
the tube is horizontal then o (b » 0
be put in the following form,
â r  = f ^
If the system in question is a section of the capillary-orifice 
tube model then one can substitute Equations (2.7), (2.9) and (2.10) 
into (A3).
~ 4- ^ ^ / L T (A 4)
Equation (A.4) represents the rate of energy dissipated per unit 
length per mess flowing. By multiplying Equation (A.4) by the mass flow 
per unit tube area
(3  -  f  M, = Çat/ 6 .  (a .5)
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the viscous dissipation function is obtained
J  =■ to- -h (A. 6)
APPENDIX B 
HEAT TRANSFER COMPUTER PROGRAM
This program Is written in the GAT language for computation on 
an IBM 650 computer. The program was greatly simplified by using an 
existing Runge-Rutta subroutine for solving a set of differential 
equations.
The problem is essentially this: Solve for the mass flow and
temperature and pressure profiles for a fixed initial pressure and 
temperature and fixed exit pressure for one-dimensional steady flow 
through a porous media.
Rearrange Equations (3.1) - (3.3) and (3.8) - (3.12) then sub­
stitute the following non-dimensional terms.
p Pa  # X g
P = -^, P A =  4  9 - T . % - -[ ,
P y > j,*
A
and a =
(The superscript star refers to some reference value.)
Z
(B.l)
^  ®
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¥.
F -  et p ’- / ^ £  V X y f *]
[-2 a? ■^(s'^R^ry
(b .2)
dB. P. de- -pV/iaftP _-s./RT*6 
dx'= G a ?  (^/„)Q*:^e ^
(B.3)
Introduce the following terms,
Cl = CL D6 =
C2
DO
- G
= ^YO = o./
D8 -
D1
G »’ R ^ T «
D9 »
D3
D4
“ -
.  Cp.-p»*£'
(J»'/?» T *
DIO =
GAT Language
YO <
Yl
Y3 —«-------------------^
2CR/M) T*7iM*G*/L
; ? e c R / / * i ) r * / . g * ^
f * ' 9 c  
\ T *
Algebra
X
p2
8
By substituting in the above quantities. Equations(B.1) - (B.3)
becomes
YO = 1
Yl' - -(D8)(C2)(Y2)^ exp. [(D10)(Y2)J -(D9)(C2) (Y2)
(B.4)
(B.5)
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.2 ,„o n2
. r  — —  ] r  1/2 (Yl') +
L(D4)(Y1) + (C2)2 (Y2)(Y1) J L
/(Y3) (Yl)2 (Cl)\ -,
(Dl) ( ---- :----- ;---  1 exp (D3/Y2) (B.6)
\ (€2)3 (y2)3 /  J
Let,
Y4 = Yo' (B.8)
Y5 = Yl' (B.9)
Y6 = Y2' (B.IO)
Y7 = Y3' (B.ll)
The boundary conditions are
Y0(0) = 0 = initial value on YO
Y1(0) = H 1 “ initial value on Yl
Y2(0) = %&2 = initial value on Y2
Y3(0) “ H 3  = initial value on Y3
One can now substitute Equations (B.8) - (B.ll) into Equations 
(B.4) - (B.7) and write them out in full GAT language.
Y4 = 1 (B.12)
Y5 = -D8*C2*Y2* EXP. (D10*Y2) - D9*Y2*C2*C2 (B.13)
Y6 - ((C2*Y2) P2/(2.*(D4*Y1P2 + C2PZ + N
Y2*Y1)))*Y5 + 2.*D1*Y3*Y1P2*C1*N
EXP. (D3/Y2) / (C2*Y2) P3) (B.14)
Y7 - Y3/Y2*Y6 - D6*C1*Y3*Y1P.5* EXP, (D3 /Y2)/(C2*Y2) (B.15)
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One of the difficulties of this program is that it will not 
solve for the mass flow (C2) explicitly. Hence one must insert a value 
of C2 into the program, let the program run, then note the value of the 
pressure at the end of the core. If the pressure is atmospheric then 
a correct guess was made on C2. If the pressure at exit is not atmos­
pheric (YO f 1) then another value is chosen for C2, etc. The machine 
can lu.ndle this easily if one assumes an initial C2 (called C6) and 
increments it every run by a finite amount (C7) until a final value is 
reached (C8).
C2 C6 C7 C8
(initial) (increment) (final)
Figure 42 illustrates the flow diagram for the steady flow 
through porous media program, and Figure 43 is the machine program.
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Start Read (1)
Flow Chart
(2-6)
Figure 42
Vary C2 starting at C6, 
increments of 07, until it 
reaches 08.
Through Statement No.If
(7)
(8- 12)Identify Step
Runge - Kutta ^(^^) K-.<rogram
Type
Solutig
(14)
Y 0 < 1 . &  (15)
Type
Page (16-17)
(18)Comment
Go back 
to 1
(20-24)
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HEAT TRANSFER COMPUTER PROGRAM
25 IS HIGHEST STATEMENT NUMBER 
TEST
750 USED IN SUBROUTINES 
DIMENSION Y (22) D(21) C(8)N 
Z(7) X(7) 1(1)
1 DO. . .DIOETC. CM READ
2 AT$INPUT$AT$ DATA$
3 TCI TC2 TC6. . .C8N 
TDO. . .DICM
TZl. . .Z3
4 YO-O M Yl-Zl M Y2=Z2 M Y3=Z1
5 AT$INITI$AT$AL CO$AT$NDITI$
AT$ONS $
6 TYO. . . Y3
7 18,C2,C6,C7,C8,
8 AT$ITERA$AT$TIV $AT$STEP $
9 TC6 TC7 TC8 TC2
10 TO
11 YO- 0 M Yl-Zl M Y2-Z2 M Y3-Z3
12 AT$SOLUT$AT$IONS $
13 RKSUB.(4,LY0, DO,20
14 TYO. . .Y7
15 GO TO 13 IF YO Q 1.
16 11=11+1
17 PCHSK.(Il)
18 END OF K LOOP C
19 GO TO 1
20 Y4-1.
21 Y5— D8* C2* Y2* EXP. (DIO* Y2 -N 
(D9* Y2* C2* C2)
22 Y6— ((02* Y2) P2/(2.* D4* YIN
P2+C2P2* Y2* Y1)))*(Y2* D8* N 
C2* Y2* EXP. (DIO* Y2)»D9* C2N 
P2* Y2-2.* Dl* Y3* Y1P2* Cl* EXP.N 
(D3/Y2)/(C2* Y2)P3)
23 Y7- Y3/Y2* Y6-D6* Cl* Y3* YIN
P.5* EXP.(D3/Y2)/(C2* Y2)
24 GO TO 21 
END
Figure 43
APPENDIX C
TABI2S OF DATA AND RESULTS FOR
STEADY FLOW
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TABLE 4
Steady Flow Reaults ^ -wFC-250f325
CORE: FC-250+325
Length: 5.814 in.
Diameter ■ 0.73 in.
— j
[2ZR’^ L  j
dXP')M6Cgr
2LG^ZRT
Run 
N o .
Pi
(paia)
P2
(psia)
Tl
(OF)
P2 ^
(OF)
Qc
(acfh)
Qc/csa 3 
(scfh/in )
^(P^)A/G r* t*•* # ^00
ft-1
xior
Y
Re
1 26.5 14.56 84 84 4.09 9.26 34.6 2.26 99.2 .324
2 40.0 14.74 84 84 12.0 27.2 33.4 6.55 33.1 .94
3 49.5 14.88 84 84 18.68 42.25 34.7 10.3 21.9 1.476
4 71.5 14.59 84 84 38.8 88 36.5 21.5 11.1 3.085
5 101.0 14.77 84 84 71.9 163 40.1 39.8 6.53 5.71
6 122.5 14.97 84 84 100.4 227.5 42.6 55.6 4.96 7.95
7 95.5 14.74 84 84 65.5 148.5 39.3 36.3 7.01 5.2
8 86,5 14.65 84 84 55.1 125 38.2 30.5 8.13 4.38
SO
00
TABLE 5
Steady Flow Results^^FC-100+150
CORE: FC-100+150
Length: 5.875 in.
Diameter: 0.75 in.
A “ r Mgç
|_2ZRT/IL T- ^(P^)M8£gc2LcfzRT
Run 
N o . (psia)
^2
(psia) (&F)
T2
(°f )
Qc
(scfh)
QL/cs* ,
(scfh/in )
A(P^)A/G
xlO xior
y
Re
9 21.0 14.68 78 78 10.7 24.28 6.11 5.93 16.3 1.22
10 24.6 14.30 78 78 17.18 38.9 6.52 9.5 10.8 1.96
11 37.5 14.60 78 78 46.6 105.6 7.41 25.8 4.53 5.32
12 51.0 14.76 78 78 80.0 181 8.64 44.2 3.08 9.15
13 63.5 14.97 78 78 116 263 9.52 64.2 2.34 13.22
14 56.0 14.85 78 78 94.5 214 8.97 52.1 2.71 10.74
15 43.5 14.70 78 78 61.6 139.7 7.88 34.1 3.65 7.02
16 32.3 14.59 78 78 34.25 77 .6 7.0 18.95 5.84 3.91
VO
VO
APPENDIX D
SAMPLE CALCULATIONS FŒI STEADY FLOW
100
/oo
Calibration of Vol-O-Flow
Flow Meter (valve open)
O '
Figure 44
Flow Meter Reading
Calibration of VoI-0-Flow Flow Meter 
(valve closed)
Figure 45
H-
/ o
Flow Meter Reading
oK)
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Run No. 6, Core FC-250+325
I. Physical Data
(a) Length of sample L = 5.814 in.
(b) Diameter d = 0.75 in.
(c) Cross sectional area
2
csa = 0.442 in.
(d) Porosity 6  = 0.356
(e) Mean pore diameter dp “ 15.5 Microns
(f) Particle size range 43 ^  d g ^  61 Microns
2. Experimental Measurements
(a) Upstream pressure P^ ** 122.5 psia
(b) Downstream pressure P2 = 14.97 psia
(c) Upstream gas temperature Tj^  = 84 °F
(d) Downstream gas temperature Tg = 84 Op
(e) Ambient room temperature Ta “ 89 °F
(f) Flow meter reading q *= 5 .20
3. Corrected Flow Rate: (68°f. 14.7 psia)
(a) Flow rate at experimental
conditions (Figure 44) Q = 103.5 cfh
(b) Corrected flow rate
Qc = Q [1-.001834 (T2-68)] Q Qc = 100.4 cfh
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4. Tabulated Experimental Data
(a) ?i = 122.5 psia (f) Q = 103.5 cfh
(h) ?2 = 14.97 psia (g) = 100.4 cfh
(c) Pavg “ 68"7 psia (h) P/L = 18.5 psi/in.
(d) P " 107.5 psi (i) Qg/csa = 227.5 scfh/in.^
(e) p2 = 14772 (psi)2 (j) Tavg (for run) = 84°f
5. Physical Properties of Nitrogen
(a) Density (68°F, 14.7 psia) = 0.0729 Ib./ft^
(b) Compressibility (84°F, 68.7 psia) = 1.00
(c) Viscosity (84°F, 68.7 psia) = 0.043 Ib./ft-hr.
(d) Molecular weight M = 28.02
6. Mass Flow Rate 
- ' «C/C. . ( - ^ ) ( ^ : ^ ) ( 2 2 7 . 5' 1 ft^ ' \ c 'c/csa 1 ft< ft3 in^
G = 2390 Ib/hr-ft^
7. Cornell and Katz Plot
,  ^ rwgç 1 r fiüJ
[_2(ZRT)y«.L J . G J “ L 2(1'
r,oQ .02) (32.2) (3600)^(144)2(12)
.00)(10.71)(144)(544)( .043)(5.814)
(b) (.G/M.) = = 55.6 X 10^ ft'l
.043
(c) o |  is obtained as the intercept and ^  as the slope in 
Figure 26
Q f =  32.5 X 10^ ft"2
(3 1.76 X 10-" ft
5 f»-l
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. y Plot
(a) y
(b) Re =
Re =
^(p^Mse^gc
2LG^ZRT
|a 2.6 X 10 J[-
4.96
e u s C/V-&
6 / W
(55.6 X 10^) '
rjjg^ir 1
L 2ZRy<LG JL G//iJL j
G _ L
e
(15.5)(3.28I X 10'°) 
(.356)
= 7.95
APPENDIX E
UNSTEADY FLOW COMPUTER PROGRAMS
Constants for Methods No. 1 and 2
A : boundary value on left
B : boundary value on right
C : boundary value on bottom
D : see Equation (6.15)
E : see Equation (6.16)
I : Example Number
Note, In Method No. 2 computer program D = D*. (See Equations 
(6.19) and (6.20)).
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METHOD NO. 1
SEQ STHNT FOBTRAN STATEMENT
I DIMENSION P(12,5),X(12)
2 1 FORMAT (5F10.0.I5)
3 2 FORMAT (I4.9F14.7)
4 3 FWMAT (IHI,17HMETH0D 1, EXAMPLE, 13)
5 100 DO 101 1-1,12
6 X(I)-0.0
7 DO 101 J=l,5
3 101 P(I,J)-0.0
9 READ 1,A,B,C,D,E,I
10 PRINT 3,1
11 M-1
12 MM-11
13 11=12
14 DO 102 J»l,5
15 P(M,J)-A
16 P(MM,J)«B
17 102 P(II,J)-B
18 N-1
19 1=2
20 DO 103 M=2,10
21 P(M,I)=C
22 103 P(M,N)-C
23 DO 109 IX-2,100
24 N=3
25 DO 106 M=2,10
26 X-DfB*P (M ,N-1)* (P (M-1 ,N-1)-P (Mfl ,N-1) )
27 Y=DfB*P (M+1 ,N-1>* (P (M ,N-1)-P (M+2 ,N-1) )
28 IF (X) 1031,1032,1032
29 1031 X-SQRTF(-X)
30 GO TO 1033
31 1032 X=SQRTF(X)
32 1033 IF (Y) 1034,1035,1035
33 1034 Y-SQRTF(-Y)
34 GO TO 106
35 1035 Y=SQRTF(Y)
36 106 P(M,N)»P(M,N-2)+X-Y
37 PRINT 2,IX,(P(I,3),1=2,10)
38 DO 107 KX=1,4
39 DO 107 JX«1,12
40 107 P(JX,KX)=P(JX,KX+1)
41 109 CONTINUE
42 GO TO 100
43 END
Figure 46
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METHOD NO. 2
SEQ STMNT FORTRAN STATEMENT
I DIMENSION P(13,3),X(13)
2 1 FW M A T  (F10.0,P10.0,F10.0,F10.0,F10.0,I5)
3 2 FORMAT (I3,9F14.8)
4 3 FORMAT (IHI,18HMETH0D 2A, EXAMPLE, 13)
5 100 DO 101 1-1,13
6 X(I)=0.0
7 DO 101 J-1,3
8 101 P(I,J)-0.0
9 READ 1,A,B,C,D,E,I
10 PRINT 3,1
11 X(l)-A
12 X(2)-A
13 X(12)-B
14 X(13)=B
15 M=1
16 1=2
17 MM«12
18 11=13
19 DO 102 J=l,3
20 P(M,J)=A
21 P(I,J)=A Figure
22 P(MM,J)-B
23 102 P(II,J)=B
24 N=1
25 1=2
26 DO 103 M=3,ll
27 P(M,N)=C
28 103 P(M,I)=C
29 DO 109 IX=3,100
30 N=2
31 DO 106 M=3,ll
32 J=IH-1
33 X=DfB*P (M-1 ,N>* (P (M-2 ,N) -P (M,N) )
34 Y=DfB*P 0«-l ,N)* (P (M ,N)-P(M+2 ,N) )
35 IF (X) 1031,1032,1032
36 1031 X=SQRTF(-X)
37 GO TO 1033
38 1032 X=SQRTF(X)
39 1033 IF (Y)1034,1035,1035
40 1034 Y=SQRTF(-Y)
41 GO TO 1036
42 1035 Y=SQRTF(Y)
43 1036 IF (X-Y) 104,105,105
44 104 P(M,Nfl)=P(M,N-l)+(Y-X)
45 GO TO 106
46 105 P(M,N+1)=P(M,N-1)+(X-Y)
47 106 CONTINUE
48 PRINT 2,IX,(P(I,3),1=3,11)
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SEQ STMNT FORTRAN STATEMENT
49 DO 107 EX-1,2
50 DO 107 JX-1,13
51 107 P(JX,KX)-P(JX,KX+1)
52 DO 108 JX-1,13
53 108 P(JX,3)-X(JX)
54 109 CONTINUE
55 GO TO 100
56 END
APPENDIX F
NOMENCLATURE
CL « A/A*
fit (Ibfsec/ft^)
A = See Equation (3.16)
A = (Mgc)/(2 ZRy«L) sec)
B  = See Equation (3.17) 
b = (Ç€^)/(R/MTgc) (sec^/ft^)
C/j“ Concentration of reactant A (moles/ft^)
Cp- Drag coefficient
Skin Friction coefficient 
D = See Equation (6.15)
F = See Equation (6.16)
Ea_= Activation Energy (cal/mole)
F = Force (Ib^)
Fq = Drag Force (Ib^)
= Body Force (Ib^)
^ c ~  Conversion Factor 32.17 (Ib^ - ft)/(lbf - sec^) 
Q  = Mass velocity of gas (Ib^^/sec ft^)
= G/G*
= Reaction rate constant (sec"^)
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Ill
= Thermal Conductivity of gas (Btu/hr ft^ ®R)
= Thermal Conductivity of solid (Btu/hr ft^ °R)
= Length of porous sample (ft)
M  ” Molecular Weight
= Pressure (Ibf/ft^)
= Partial Pressure of reactant A (atm)
Reference Pressure (Ibg/ft^)
P *» Dimensionless Pressure
Q _ = Volume Flow (ft^/sec)
Q ^ =  Friction Heat (ft-lbf/lb^)
= Flow Meter Reading
R  = Universal Gas Constant (ft Ib^/lb mole °R)
= Reynolds Number
<S = Specific Internal Area (Internal area per unit volume)
t  = Body Temperature (°R)
t  = Time (sec)
.*
L  = Reference Time (sec)
T  = Gas Temperature (°R)
T~ = Dimensionless Time t/t*
ùi = Flow velocity in X-directioa (ft/sec)
Æ F  = Filter velocity (Volume flow per unit area)
V = Velocity of Fluid (Vector) (ft/sec)
V  = Volume (ft )
X - Length coordinate (ft)
X = Dimensionless length coordinate, X/L
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^  ■ Vertical Corrdinate (ft)
^  ->p(t(lb^/ft sec)
H  " ^  t*Z^L
■ Compressibility Factor
0( ■ Vi-.-. wua Resistance Coefficient (ft"^)
■ Inertial Resistance Coefficient (ft"l)
See Equation (3.1)
S  = Average Pore Diameter (ft)
E. " Porosity (Ration of void volume to total volume)
/ÿ = See Equation (3.1)
Q  “ Dimensionless Gas Temperature T/Tq 
“ Viscosity 
^  » Density
0“ = Angle between X direction and direction of gravity 
= Shear Stress (Ib^/ft^)
^  = Viscous Dissipation Function (Ib^/ft^ sec)
= See Equation (2.15)
^  = See Equation (2.18)
